Brugada syndrome (BrS) is an inherited channelopathy that can be characterized by mild right ventricular (RV) abnormalities that are not detectable with conventional echocardiography. The aim of this study was to evaluate the presence of RV abnormalities in BrS patients when compared with controls and a group of patients with arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) using two-dimensional (2D) strain analysis.
Introduction
Brugada syndrome (BrS) is an inherited channellopathy that is characterized by typical spontaneous or drug induced electrocardiogram (ECG) findings (i.e. right bundle branch block, ST-segment elevation, and inverted T-wave in the right precordial leads) and by an increased risk of sudden death. 1 -3 Even if BrS is not associated with right and left ventricular structural abnormalities, cardiac computed tomography, magnetic resonance, and endomyocardial biopsies 4 -7 have found/identified mild right ventricular (RV) abnormalities. Abnormalities in conventional echocardiographic parameters used to explore RV function have not been reported but, to the best of our knowledge, there are no data available on the characteristics of BrS heart function evaluated by new echocardiographic techniques based on the analysis of myocardial deformation. 8 The information obtained by these techniques has already demonstrated their potential clinical usefulness in patients affected by arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C). 9, 10 In these patients, strain measures were characterized by a greater association with the disease when compared with most of the conventional echocardiographic and Doppler parameters. The aim of this study was to better characterize the phenotypic expression of BrS patients by comparing two-dimensional (2D) RV strain measures obtained in these patients with those of ARVD/C patients and controls.
Methods
A group of patients with BrS or ARVD/C who had been referred to our Unit for Cardiomyopathies and a group of controls, free from cardiovascular and systemic disease, were enrolled in the study. According to the criteria of the Heart Rhythm Society and the European Heart Rhythm Society, BrS 11, 12 was defined as the presence of a spontaneous or drug induced Type 1 Brugada pattern at ECG associated to one of the following conditions: documented ventricular fibrillation or polymorphic tachycardia, family history of sudden cardiac death, a type 1 ECG in family members, inducibility of ventricular tachycardia, syncope, nocturnal agonal respiration. In all BrS patients structural disease was excluded by cardiac magnetic resonance. ARVD/C was diagnosed on the basis of the Task Force criteria of the European Society of Cardiology and of the Scientific Council on Cardiomyopathies of the International Society and Federation of Cardiology. 13 The control group consisted in subjects with a normal ECG (sinus rhythm and no apparent conduction abnormalities), no history of heart disease and no family history of sudden cardiac death. All patients gave their informed consent. The study protocol was conformed with the Declaration of Helsinki and was approved by the local ethics committee.
Electrocardiogram analysis
The 12-lead ECGs were acquired by a flat scanner (HP 3970, HewlettPackard Company, Palo Alto, CA, USA), with a resolution of 600 dots per inch (equivalent to ,1 ms per dot), and then displayed on a monitor. The QRS duration, QT interval, and the preceding RR interval were measured using specific software written in Visual Basic 6.0 language for PC-compatible computers that works with all Windows operating systems 14 and provided the use of semiautomatic calculation.
Despite the difficulty in obtaining an accurate estimate in precordial leads of BrS patients, QRS duration was calculated in standard leads from the start to the end of the QRS complex and the longest QRS was considered. 15 The QT interval corrected for heart rate (QTc, Bazett's formula) was calculated in V 1 V 2 and V 5 V 6 .
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Echocardiographic examination
In all subjects, standard parasternal long-and short-axis and apical four-chamber, two-chamber, and long-axis views were acquired (frame rate 50 -70/s) by Vivid 7 (GE Vingmed Ultrasound, General Electric, Milwaukee, WI, USA). A right ventricle focused apical fourchamber view was also acquired in order to analyse RV strain ( Figure 1 ). 17 At least three consecutive sinus rhythm cycles were recorded for each view at end expiration and then digitally stored. The interventricular septum (IVS) was evaluated in the long-axis view. Left ventricular (LV) volumes and systolic function were Figure 1 A right ventricular focused four-chamber view of a Brugada syndrome patient. Two-dimensional speckle tracking analysis was performed in order to obtain strain measures of the basal, mid, and apical lateral wall. As shown, after tracking the region of interest (left part of the figure), the systolic strain and systolic and diastolic strain rate measures were obtained by the automatic software analysis (right part of the figure). They were then verified and stored after approval. sS, peak systolic strain; sSR, peak systolic strain rate; eSR, peak early diastolic strain rate.
evaluated by calculating left ventricular end-diastolic volume (LVEDV), end-systolic volumes, and left ventricular ejection fraction (LVEF) by Simpson's rule, following the current guidelines. 18 Proximal and distal RV outflow (RVOT) were evaluated from the shortaxis parasternal view. RV dimensions (RVD) were also obtained by calculating basal RVD and RV area (RVA) at the end of diastole and systole from the right focused four-chamber view. 17 Based on these values, RV twodimensional, fractional area change (FAC) was calculated. 17 The systolic and diastolic function of both RV and LV were obtained by pulsed Doppler and pulsed tissue Doppler measures. Tricuspid and mitral pulsed Doppler inflow profiles were obtained at the level of the tip of the tricuspid and mitral leaflets. Peak E-wave (E) and A-wave velocity were evaluated. 19 Pulsed tissue Doppler profiles were obtained at the level of the lateral tricuspid annulus and of the septal and lateral mitral annulus from the apical four-chamber view using a 1 mm sample, with care being to reach the best alignment of the Doppler beam. Systolic (S ′ ) and early diastolic (E ′ ) peak velocity were defined as the mean of three beats. Moreover, S
′ and E ′ of the mitral annulus were calculated as the mean values of septal and lateral measurements. Finally, the E/E ′ ratio for the tricuspid and mitral annulus was calculated. In order to obtain strain measures, a RV focused four-chamber view was analysed off-line by a single experienced observer blinded to disease. By means of two-dimensional speckle tracking analysis (EchoPAC PC version, GE Vingmed Ultrasound, General Electric, Milwaukee, WI, USA) of the basal, mid, and apical segments of the right lateral ventricular wall, longitudinal systolic strain (sS) and strain rate (sSR) and longitudinal early diastolic strain rate (eSR) were obtained as the mean of three cycles. The systolic measures were determined before aortic valve closure. In 20 patients intraobserver reproducibility was evaluated by the two separate analyses of the same images. Interobserver reproducibility was also tested in 20 patients by a second observer.
Finally, the global and segmental sS, sSR, eSR of LV were also calculated using the standard apical views.
In this paper the terms 'reduced systolic strain' and 'strain rate' indicate less negative values.
Statistical analysis
The continuous variables are expressed as mean values + Standard Deviation (SD) and the categorical variables are given as frequencies and percentages. The between-group comparisons were made by variance analysis (ANOVA) followed by the Newman -Keuls test for multiple comparisons. The odds ratios (OR) and 95% confidence intervals (CI) were also computed to estimate the association between echocardiographic parameters (two-dimensional strain analysis of the right lateral ventricular wall or global and segmental two-dimensional strain analysis of the left ventricle) and BrS or ARVD/C, considering controls as a reference category. The OR and 95%CI for each analysed variable refers to 1-SD change. Frequencies were compared using the x 2 or Fisher's exact test as appropriate. Receiver operating characteristic (ROC) curves, area under the curve (AUC) of the ROC, sensitivity and specificity were calculated to determine the values of studied variables that best differentiate patients from control subjects. Intraobserver data reproducibility was evaluated by means of the intraclass correlation coefficient (ICC), which measures the strength of the association between the two baseline recordings. 20 The data were considered reproducible if the ICC was .0.60; in particular, reproducibility was considered almost perfect if it was between 0.81 and 1.00. 
Results
Twenty-five of 28 patients with BrS and 15 of 17 patients with ARVD/C were enrolled in the study. The remaining 5 (11%) patients were excluded due to poor-quality imaging. Eleven (73%) of the ARVD/C patients and 17 (68%) of the BrS patients enrolled had an implantable cardioverter defibrillator, but none of the patients showed ventricular pacing at ECG. Moreover, 14 (93%) ARVD/C patients were on beta-blocker therapy. The clinical and electrocardiographic characteristics of the three groups are shown in Table 1 . No differences were found in terms of age, gender distribution, body mass index, and QTc intervals among the groups. Patients with BrS showed a longer QRS duration at the level of the peripheral leads.
Two-dimensional and Doppler measurement comparisons
When LV and RV two-dimensional and Doppler measurements were compared in the three groups, no differences were found between BrS patients and the control group, as shown in Table 2 . Patients with ARVD/C showed a significantly greater LVEDV, as well as distal and proximal RVOT, basal RVD, enddiastolic and end-systolic RVA when compared with BrS patients and controls (Table 2) . Moreover, they showed a greater tricuspid E, a lower tricuspid E ′ and a greater E/E ′ ( Table 2) . No differences were found between the remaining parameters.
Reproducibility, comparisons and diagnostic accuracy of right ventricular strain measures
The ICC values of the RV strain measurements showed an intraobserver reproducibility . Figure 2 Distribution and comparison of the lowest systolic strain peak (A), systolic strain rate peak (B), and early diastolic strain rate peak (C) measure observed in the basal or mid-right ventricular lateral wall in controls (white circles), Brugada syndrome patients (red triangles), and arrhythmogenic right ventricular dysplasia/cardiomyopathy (blue circles). BrS, Brugada syndrome; ARVD/C, arrhythmogenic right ventricular dysplasia/cardiomyopathy; RV, right ventricle; sS, peak systolic strain; sSR, peak systolic strain rate; eSR, peak early diastolic strain rate. and apical segments, for sSR of the mid and apical segments and for eSR of the mid and apical segments. Reproducibility for basal sSR and eSR was .0.7. The interobserver reproducibility values were .0.80 for sS of the mid and apical segments and for sSR and eSR of the apical segment. ICC was .0.7 for sSR and eSR of the mid-segment and .0.6 for sSR and eSR of the basal segment.
Patients with BrS had a significantly lower basal and mid-sS of the lateral RV when compared with controls, but which was greater than that of ARVD/C patients. At the level of the midlateral RV segment, sSR and eSR were also lower than for controls, but not significantly different from ARVD/C patients. ARVD/C patients also showed a lower sSR of the basal segment than controls or BrS patients. Figure 2 shows the distribution of the lowest observed segment strain measures between basal and midlateral RV segments of the three groups and the relative comparisons. Finally, as shown in Table 3 , the mean RV lateral sS in BrS patients was significantly lower than in controls but greater than ARVD/C patients, whereas the mean RV lateral sSR and eSR were lower than in controls but not different from the values observed in ARVD/C.
In BrS patients no relations were found between QRS duration, QTc intervals, and RV strain measures and no differences in strain measures were found when patients with type 1 and those with type 2 -3 ECG at the time of echocardiographic examination were compared (data not shown).
At ROC analysis for diagnosis of ARVD/C the lowest basal and mid-sS value observed for each patient showed a greater AUC for both ARVD/C (0.87, P , 0.001) and BrS (0.76, P , 0.001). The detection of a sS greater than 229% in the basal or mid-lateral RV was characterized by a 73% sensitivity for ARVD/C and 48% sensitivity for BrS, with an 80% specificity. When the lowest sSR between basal and lateral RV sSR was considered, the AUC were 0.85 (P , 0.001) for ARVD/C and 0.69 (P: 0.014) for BrS. When the lowest eSR between the basal and mid-lateral segment was evaluated, AUC were 0.83 (P , 0.001) for ARVD/ C and 0.68 (P: 0.021) for BrS.
Comparison of left ventricular strain measures
As shown in Table 4 , no differences were found between LV global and segmental strain measures in BrS patients and controls. Patients with ARVD/C showed significantly lower values of LV global sSR and eSR, lower basal and mid-inferoseptal sS and sSR as well as lower mid-anteroseptal sSR. Figure 3 shows the association between the lowest RV basalmid-lateral sS, sSR, eSR, mean RV lateral sS, sSR, eSR and global LV sS, sSR and eSR in BrS and ARVD/C, considering controls a as reference category. Most of the RV strain parameters were significantly associated both to BrS and ARVD/C, whereas global LV strain measures were associated only to ARVD/C.
Discussion
The main finding of this study is that two-dimensional speckle tracking analysis permits a better definition of phenotype expression in BrS patients by detecting mild systolic and diastolic function Altered right ventricular strain in Brugada syndrome and arrhythmogenic dysplasia Continued abnormalities in RV basal and mid-lateral segments. When compared with a control group matched for age and gender, these abnormalities were less pronounced than those observed in ARVD/C patients.
These findings suggest that the new techniques may prove useful for evaluating myocardial deformation in BrS patients, permitting global and regional cardiac function to be quantified more Odds ratios were calculated for 1-standard deviation increase for sS and sSR, whereas for eSR they were computed for 1-standard deviation decrease. BrS, Brugada syndrome patients; ARVD/C, arrhythmogenic right ventricular dysplasia/cardiomyopathy; sS, systolic strain; sSR, systolic strain rate; eSR, early diastolic strain rate; GsS, global left ventricular sS; GsSR, left ventricular global sSR; GeSR, global left ventricular eSR.
Altered right ventricular strain in Brugada syndrome and arrhythmogenic dysplasia accurately and objectively. 8, 22 To date, two methods for strain analysis are widely available, one derives from tissue Doppler analysis, the other from two-dimensional speckle tracking analysis of greyscale B-mode images. The latter method has been validated by sonomicrometry and tagged magnetic resonance imaging 23 and has already been used to detect ventricular function abnormalities both in left and RV cardiomyopathies. 8, 9 Compared with the tissue Doppler derived approach, the 2D strain is characterized by less criticisms such as angle dependency, noise interference and intraand interobserver variability. 24 On this basis, we used 2D strain to evaluate longitudinal RV strain and obtained a good reproducibility, also in the segmental analysis of the RV lateral wall. By using 2D systolic strain analysis we were able to detect differences in RV function between BrS patients and controls that could not be observed by conventional echocardiographic and Doppler parameters. RVD, pulsed Doppler and pulsed tissue Doppler measurements in BrS patients were similar to those of the control group, whereas significantly lower values in RV basal and mid-lateral sS peak, as well as in systolic and early diastolic midlateral SR, were observed. The detection of these differences is in line with previous studies which have demonstrated mild RV structural and functional abnormalities in BrS patients by using alternative imaging techniques. 4, 6 Takagi et al. demonstrated that, when compared with controls, BrS patients showed a higher frequency of mild abnormalities in radial fractional shortening in the anterior apical segment, the outflow tract and the inferior mid-ventricular segment in the inflow tract. Our study adds new data by demonstrating that BrS patients are also characterized by a mild reduction in the longitudinal strain of the basal and midlateral RV wall. Our study did not aim to evaluate the pathophysiological background of the mild abnormalities we found, however, some hypotheses may be made. The lack of any relationship between strain measures and the electrocardiographic features of BrS patients (QRS duration, QT interval and type 1 ECG at echocardiographic examination) makes the hypothesis that the strain abnormalities observed in our series could be related to ion channel dysfunction per se unlikely. Consequently, they could be related to the mild structural abnormalities that have been observed at endomyocardial biopsy. In a group of patients with normal cardiac magnetic resonance, Frustaci et al. 5 have shown that RV endomyocardial biopsies of BrS patients revealed histological abnormalities such as myocarditis, cardiomyopathic changes and also fatty infiltration. However, the involvement of ion channel mutations in determining mild RV function abnormalities cannot be excluded. It has been shown that some ion channel mutations are related both to BrS phenotype and to a wide spectrum of disease pnenotypes including dilated cardiomyopathy.
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Moreover, some Na+ channel mutations have been found to be associated with fibrosis by mechanisms which have not yet been clearly defined, but which are probably linked to the interaction with membrane proteins. 25 The association between ARVD/C and lower systolic strain measures confirms the potential clinical usefulness of these parameters in diagnosing this type of cardiomyopathy, as already suggested by previous studies. 9, 10 However, in our data a broad overlap in values of all RV strain parameters was observed, thus limiting clinical usefulness of a strain measures' cut-off for discriminating the presence of BrS as well as of ARVD/C. In our study the mean values and the cut-off for RV systolic strain measures in ARVD/C and controls was slightly different when compared with previous studies.
9,10 These differences could be related to a number of causes, such as the different severity of RV dysfunction in ARVD/C patients, the use 2D strain instead of TDI technique, 9,10 the wide reported variability in the strain and strain rate mean values of the lateral RV segments. 17 Finally, we cannot exclude that the analysis of 2D strain on a RV focused four-chamber view could have influenced the values we found. It is worth noting that, in our study, ARVD/C patients showed differences not only in RV but also in LV strain measures when compared with controls. The comparison of strain measures at different LV segments revealed more marked differences in the septal segments considered, but there was a tendency in all other segments. Consequently all three strain measures of LV systo-diastolic function were associated to ARVD/C at regression analysis, as shown in Figure 3 . These differences are even more relevant considering that of the ARVD/C patients we enrolled, only one showed a LVEF of between 50 and 55%, and no differences were found when mean LVEF values were compared with controls. On the basis of these considerations it is possible to suggest that 2D strain analysis may be useful to better characterize not only RV, but also LV function, in ARVD/C patients.
Like in previous studies, 9,10 a possible limitation of our results is the use at the time of the enrolment of beta-blocker therapy in ARVD/C patients. However, it is worth noting that in subgroups analysis of Prasaka et al. 10 no influence on strain measures was observed according to the presence of betablocker therapy. Future studies ought to focus on demonstrating the clinical relevance of mild strain abnormalities in BrS and ARVD/C patients, e.g. in predicting malignant ventricular arrhythmia occurrence or the progression of RV disease. In such cases 2D strain could prove to be a useful tool in detecting and monitoring RV abnormalities as it is feasible and safe in most patients, whereas nuclear magnetic resonance imaging cannot be serially performed in patients with a cardioverter defibrillator and computed tomography is limited by radiation exposure and the limited information obtained on myocardial function. Finally, the use of 3D derived strain measures could offer the possibility of a more complete analysis of the RV which is not limited to the lateral free wall, as in our study.
In conclusion, in patients with BrS it is possible to observe mild abnormalities in RV systolic and diastolic function evaluated by 2D strain. The values observed in these patients were mid-way between those for healthy subjects without cardiac disease and those for ARVD/C patients with known structural RV disease. These results help to better define the phenotypic characteristics of BrS patients and represent the basis for future studies aimed at testing the clinical usefulness of echocardiographic evaluation in these patients.
